BACKGROUND: The fungicide benzovindiflupyr belongs to the class of succinate dehydrogenase inhibitors (SDHIs). Certain SDHIs have shown plant physiological effects, so-called secondary effects, that appeared to be related to the plant water status. Therefore, the effect of benzovindiflupyr on transpiration of leaves and whole wheat plants was studied under controlled conditions. Furthermore, wheat yield trials under controlled and natural drought stress in the field were conducted. RESULTS: Transpiration of detached wheat leaves was reduced by benzovindiflupyr in a dose-dependent manner. Similarly, whole-plant transpiration decreased for several days following application of this fungicide. In 16 field trials under drought stress conditions that were classified as disease-free, treatment of wheat plants at the flag leaf stage or at heading with benzovindiflupyr showed a grain yield increase (+5.2%; P ≤ 0.01) that was partially attributed to an increased thousand-grain weight.
INTRODUCTION
The fungicide benzovindiflupyr is a broad-spectrum pyrazole carboxamide originating from a novel chemical class. It is active on a broad spectrum of diseases in cereals (e.g. those caused by Zymoseptoria tritici, Puccinia spp. and Pyrenophora teres) and in other crops, in particular against soybean rust (Phakopsora pachyrhizi). [1] [2] [3] The mode of action of benzovindiflupyr is based on the repression of fungal respiration through inhibition of succinate dehydrogenase (SDH). 1 In plants, the activity of SDH not only plays a pivotal role in respiration, but also affects the oxidative status of plant cells and modulates photosynthesis. 4 The contribution of mitochondrial function to photosynthesis is well documented. 5 In particular, mitochondrial electron transport is involved in the synthesis and recycling of ascorbate, which is a key antioxidant protecting the photosynthetic machinery, especially under stress conditions. Moreover, parts of the photorespiratory pathway take place in the mitochondria. Recently, it was found that antisense inhibition of SDH affects the stomatal aperature and thus promotes photosynthesis. 6 In view of the fact that the target of all succinate dehydrogenase inhibitors (SDHIs) is a part of the SDH, which is highly conserved across living organisms, 7 it can be assumed that SDHIs also interact with the plant's SDH and, consequently, may have plant physiological effects.
Indeed, such secondary effects of SDHIs were detected in wheat under controlled conditions as well as in the field. The application of the SDHI bixafen, which is known to have high efficacy against many cereal pathogens, 8 positively affected yield formation by delaying senescence. 9 This delayed senescence was associated with a higher transpiration rate at late crop growth stages. 10 In contrast, foliar application of fluxapyroxad, another SDHI which shows good efficacy against cereal pathogens, was found to reduce the transpiration rate, resulting in a higher water use efficiency of greenhouse and field-grown wheat. 11 It is an open question whether these effects occur only for particular SDHIs and whether the described secondary effects, i.e. the increased water use efficiency, would be beneficial under field conditions, in particular when water is limiting.
Drought stress may occur and affect crop performance at different crop development stages and results in substantial yield losses. Thus, the timing, severity and duration of the stress D Kuznetsov et al.
determine the extent of the yield loss. 12 The principal reasons for these losses are reduced rates of net photosynthesis as a consequence of metabolic limitations resulting from oxidative damage to chloroplasts and stomatal closure, and poor grain set and development. 13 Wheat is particularly sensitive to drought stress when water is limiting during reproductive growth. 14 Consequently, the distribution of rainfall, and resultant water availability, during the crop cycle have a great impact on the final yield. 15 Reduction of soil water uptake, which can be achieved by a reduction of transpiration via stomatal closure, before the critical phase of reproductive growth is a promising strategy for mitigating drought stress during reproductive growth. 16 Therefore, a pre-anthesis water-saving phenotype, which preserves more soil water for the time of anthesis, can be a suitable approach for improving wheat production under limited water availability. 17, 18 In maize, breeding for such a phenotype has resulted in varieties with improved yield under water-limited conditions. 19 Understanding the potential plant physiological effects of a fungicide can give the grower an additional tool to maximize the crop yield. In the current study, we addressed whether benzovindiflupyr affects plant physiology, in particular transpiration. We also addressed the question of whether it improves the crop performance in the field under a range of drought stress conditions, which would be beneficial for a soil water-saving phenotype. Benzovindiflupyr's primary use is as a fungicide with a broad spectrum of control of foliar pathogens in wheat. Therefore, in order to differentiate fungicidal effects from potential physiological effects, we discuss only results from drought-stressed field trials reported as disease-free, meaning without symptoms of disease in foliar tissue.
MATERIALS AND METHODS

Detached leaf transpiration
Chemical effects on stomata were quantified by measuring the transpiration of detached leaves according to Munns and King. 20 Winter wheat (Triticum aestivum L.) of the variety Arina was grown under optimum conditions in growth chambers until the second-leaf stage (BBCH 12). 21 The seedlings were dark-adapted for 1 h; the second leaf was cut under water and immediately placed in a 1.5-mL test-tube filled with 1 mL of benzovindiflupyr solution. The solution was prepared by dissolving benzovindiflupyr in dimethyl sulfoxide (DMSO) and diluting in water to the final concentrations of 0, 3, 10, 50 and 100 ppm active ingredient (ai). After determining the initial weight of the leaf − tube system, the leaves were placed in growth chambers at 25 ∘ C, 60% relative humidity and a light intensity of 150 mol m -2 s -1 with a 14-h photoperiod. Transpiration was quantified by measuring the weight of the leaf − tube system after 6 and 24 h. Tubes without leaves, filled only with water, were used to correct for evaporation.
The experimental design was a randomized complete block design with five replications for each treatment; the experimental unit was one leaf per test-tube. Statistical analysis [analysis of variance (ANOVA)] was performed with AGSTAT 1.6/ACSAP 4.29 (Syngenta, UK).
Whole-plant transpiration analysis
For the whole-plant transpiration analysis, spring wheat (T. aestivum) of the variety Taifun was grown under pest-free conditions in 1.2-L growth columns filled with a field soil (sandy loam). Plants were watered daily to a target soil water content of 0.25 g H 2 O g -1 dry soil. Plant growth and transpiration analysis was carried out in growth chambers at 25/18 ∘ C (day/night), 60% relative humidity and a light intensity of 600 mol m -2 s -1 with a 14-h photoperiod. Transpiration was measured by monitoring the weight of the plant − pot system on a gravimetric platform with precision irrigation (DroughtSpotter; Phenospex, Heerlen, the Netherlands). Application of benzovindiflupyr formulated as EC 100 at 75 g ai ha -1 (375 ppm) was performed with a track sprayer at 200 L ha -1 when plants were at tillering (BBCH 23). Control plants were sprayed with the same amount of water. Transpiration was monitored at optimal watering for 7 days after application, and then watering was stopped.
At the end of the experiment, shoots were harvested, oven-dried for 3 days at 60 ∘ C and weighed for shoot dry matter determination.
The experimental layout was a randomized complete block design with nine replications; the experimental unit was two plants per pot. The transpiration before treatment was used as a covariant for statistical analysis (ANOVA; AGSTAT 1.6/ACSAP 4.29) (Syngenta, UK).
Field trials
Wheat field trials were designed as randomized complete blocks with six replicates. Sowing, fertilization and general crop maintenance were performed in accordance with locally accepted best practice. Plot quality and pest damage were visually observed several times per week in field trials with controlled drought stress conditions and on a monthly basis in field trials with natural drought stress conditions. Crop protection maintenance products were applied preventatively only if required across the whole trial area (check and experimental plots and boundary areas) and included locally registered seed treatment products, herbicides and insecticides. In the case of potential disease attack, demethylation inhibitors (DMIs) and/or contact fungicides were applied preventatively (see Supporting Information Table S1 ). Application of fungicides from the Q o inhibitor (strobilurine) and SDHI groups were not allowed to avoid possible interaction with benzovindiflupyr experimental treatments. Any products with plant growth regulator effects were also excluded. Pesticides were applied not less than 3 to 4 days before or after experimental applications of benzovindiflupyr.
The following assessments were performed: general phytotoxicity at 7 and 14 days after application, general pest damage ratings before harvest, grain yield adjusted to 10% standard moisture (calculation based on fresh grain weight and grain moisture at harvest), and thousand-grain weight (TGW) adjusted to 10% standard moisture.
Entire plots or only the central treated areas were harvested manually using cutters with stationary threshers (for trials located in Argentina, Egypt and India) or with small-plot combine-harvesters (for trials located in France, Italy and the USA).
A single-trial ANOVA was performed with AGSTAT 1.6/ACSAP 4.29. Multi-trial analysis was based on a paired t-test with comparison of benzovindiflupyr experimental treatments with untreated checks and was performed with TIBCO ® SPOTFIRE ® 7.0.1 (Tibco, Palo Alto, CA, USA).
Field trials with controlled drought stress conditions
To minimize the risk of environmental impacts from rain on drought stress period and level, all proposed locations were validated through an internal environment and crop modeling process. This modeling allowed the calculation of the potential wileyonlinelibrary.com/journal/ps drought stress intensity through estimation of climatic cumulative water deficit (sum of all daily water deficits during the reproductive stage of wheat development). Daily water deficit was calculated as the difference between daily precipitation and daily evapotranspiration by wheat plants. 22 Twenty-nine field trials were peformed at 15 locations within a time-span of 3 years. Results are presented for the 11 disease-free trials in seven locations across the 3 years: Egypt (Kaha), Italy (Foggia), India (Dongargaon, Mandleshwar and Sanwer) and the USA (Woodland, CA and Jerome, ID).
Each field trial had two adjacent blocks: a well-watered (WW) block with untreated check plots used for stress level estimation (grain yield reference), and a water-stressed (WS) block with experimental treatments including untreated check plots. To manage drought stress, three types of water irrigation system were used: precise drip irrigation (Kaha, Egypt; Foggia, Italy; Woodland, USA), solid-set sprinkler irrigation (Jerome, USA) and flood irrigation (all sites in India). Plants in WW blocks were well irrigated from sowing until harvest to compensate 100% of evapotranspiration demand, targeting the optimum yield achievable in the trial area. Plants in WS blocks were irrigated from planting until the beginning of the pre-stress period exactly at the same level of water supply as in WW conditions. The pre-stress period was initiated 1 to 4 weeks before BBCH 59 (end of heading) but not earlier than BBCH 39 (flag leaf stage) by water being withheld to deplete excess soil moisture with the objective of exposing plants to targeted drought stress conditions at BBCH 59. An example of the deficit irrigation management is shown in Figure 1 . During the targeted transient drought stress period from BBCH 59 until harvest, only a deficient irrigation practice was used. If required, emergency irrigation cycles were maintained to prevent severe plant damage from drought. Drought stress occurrence, timing and level were estimated by considering (a) the difference between actual precipitation and long-term average precipitation for the crop-growing period, and (b) the yield reduction compared with nonstressed plants of the same variety (in the case of irrigation) or versus optimal varietal characteristics known for favorable nonstressed conditions and/or year in the same geographical location.
A single application of benzovindiflupyr formulated as EC 100 at 75 g ai ha -1 was performed with a hand-held boom or motorized knapsack sprayers at 200-300 L ha -1 when plants were at BBCH 39 or 55. Control plants were untreated.
RESULTS
Laboratory experiments
In order to study the effect of benzovindiflupyr on leaf transpiration, a detached leaf assay was conducted in which the dissolved compound was taken up at the cut leaf base and distributed within the leaf by the transpiration stream. Benzovindiflupyr significantly decreased leaf transpiration in a dose-dependent manner (Fig. 2) . This effect was clearly visible already within 6 h of treatment at 50 and 100 ppm ai (P ≤ 0.05); for the two lower concentrations (3 and 10 ppm ai), transpiration hardly decreased within the first 6 h but decreased significantly (P ≤ 0.05) during the remaining 18 h of the experiment (data not shown). Analysis of photosynthesis by measurement of chlorophyll fluorescence did not show a significant impact of the treatment with benzovindiflupyr on the operating quantum efficiency of photosystem II (data not shown).
In order to confirm this observation at the whole-plant level with benzovindiflupyr application comparable to that in the field, the transpiration of benzovindiflupyr-treated wheat plants was studied on an automated weighing and irrigation system (Fig. 3a) . Benzovindiflupyr was applied foliarly at the recommended field rate (75 g ai ha -1 ) when plants were growing without water limitation. Within 1 day, transpiration had decreased by 5.7% (P ≤ 0.1) in benzovindiflupyr-treated plants compared with untreated control plants (Fig. 3b) . Three days after application, transpiration was 7.3% (P ≤ 0.05) lower in benzovindiflupyr-treated plants compared with controls; this effect was consistent for at least a further 3 days. When irrigation was withheld 8 days after application, transpiration decreased strongly as a result of the decreasing soil water content (Fig. 3a) . However, this transpiration decrease was delayed in benzovindiflupyr-treated plants, resulting in a transiently higher transpiration rate compared with untreated control plants (Fig. 3c) . The reduction of transpiration in benzovindiflupyr-treated plants had no negative impact on biomass accumulation; at the end of the experiment, the shoot dry weight of benzovindiflupyr-treated plants was 6 .34 g plant -1 and that of control plants was 6.31 g plant -1 [standard deviation (SD) = 0.41; coefficient of variation (CV) = 6.6%].
Field trials
In order to study the effect of benzovindiflupyr on grain yield under drought stress at reproductive stages in wheat, 29 open field trials were conducted. Of these, 16 trials were reported to be disease-free based on regular pest damage observation and final pest damage rating, meaning that the trials were without symptoms of diseases in the above-ground parts of the plants.
The group of disease-free trials included 26 variants (unique combination of location × year × variety × application rate × application time) of single treatments of benzovindiflupyr formulated as EC 100 at 30 or 75 g ai ha -1 applied at BBCH 39 to 55 (Table S1 ). Benzovindiflupyr did not cause any phytotoxic effects on wheat plants in all trials at both 7 and 14 days after application.
wileyonlinelibrary.com/journal/ps The CV for grain yield adjusted to 10% standard moisture in single trials varied from 3.69 to 13.05% (average CV was 8.38%). The CV for TGW adjusted to 10% standard moisture varied from 2.24 to 10.34% (average CV was 5.41%). Single-trial ANOVA did not detect any significant effect at P ≤ 0.05 of benzovindiflupyr on grain yield adjusted to 10% standard moisture and TGW compared with the untreated control.
Multitrial analysis (MTA) based on a paired t-test performed for all variants identified a significant average grain yield increase (P ≤ 0.01) with benzovindiflupyr treatment compared to untreated check in disease-free situations of +2.33 dt ha -1 (+5.2%) with a 95% confidence interval (CI) of the mean between +1.45 and +3.21 dt ha -1 (Fig. 4) . This means that, based on our sample data, we are 95% confident that the "true" yield benefit a grower can expect is between +1.45 and +3.21 dt ha -1 . Considering only trials under controlled drought stress conditions, the yield increase was +2.86 dt ha -1 (+6.0%; P ≤ 0.01) with a 95% CI of +1.69 to +4.03 dt ha benzovindiflupyr ha -1 was +0.23 dt ha -1 compared with the rate of 30 g ai ha -1 . TGW adjusted to 10% standard moisture was reported for 13 disease-free trials (20 variants) . Under all drought-stressed conditions (controlled and natural drought stress at the reproductive stage), the MTA confirmed a mean TGW increase with benzovindiflupyr versus untreated check of 0.68 g (1000 seeds) -1 (+1.9%; P ≤ 0.01) with a 95% CI of +0.23 to +1.13 g (1000 seeds) -1 (Fig. 5 ).
DISCUSSION
Three years of extensive global validation of benzovindiflupyr in open field experiments under controlled and natural drought stress during generative growth and seed filling was conducted. The potential contribution of benzovindiflupyr treatment to the grain yield and TGW of wheat in disease-free conditions was measured. A significant increase of grain yield after benzovindiflupyr treatment compared with the untreated check of +2.33 dt ha -1 (+5.2%; P ≤ 0.01) with a positive response in 88% of the tested variants was observed. This grain yield increase was partially based on a positive effect of benzovindiflupyr on the individual grain weight. Indeed, TGW was observed to increase after benzovindiflupyr treatment in 67% of tested variants, with an overall increase of 1.9% compared with the untreated check (P ≤ 0.01). As the increase of TGW was smaller than the increase of grain yield, a considerable part of the grain yield increase must be attributable to higher grain number; grain number was estimated to increase by 3.2% as a result of the benzovindiflupyr treatment. Under controlled field conditions, drought stress resulted in a reduction of grain yield (−17 %) which was mainly contributed by a reduction of TGW (−12 %) but also a reduction of grain number (−6 %). As drought stress before anthesis mainly affects grain number while terminal drought stress reduces the grain weight, 14 the drought stress seemed to affect both developmental phases in the controlled field trials. With respect to the pesticide treatment, the beneficial effect of benzovindiflupyr on grain number (calculated as grain yield divided by TGW) and TGW indicates that benzovindiflupyr treatment increased seed setting (by reducing floret sterility or seed abortion) and, additionally, promoted to a certain extent seed filling. Consequently, benzovindiflupyr treatment appears to have a long-lasting beneficial effect on drought tolerance from seed setting to seed filling. The stronger beneficial effect of benzovindiflupyr on seed number, however, indicates that it protects this very drought-sensitive developmental phase. In view of the dependence of drought tolerance during these developmental phases on genetic factors, 14 a certain genetic influence on the effect of benzovindiflupyr can be assumed. The present data do not provide evidence for a strong dependence on variety of the effect of benzovindiflupyr on grain yield. However, elucidating this interaction would require a larger field program that would include several varieties at each trial site.
Secondary effects of fungicides on wheat grain yield were observed in several studies. [23] [24] [25] These effects were partially attributed to a delay of senescence. However, it has been suggested that such effects may be mainly attributable to the control of phylloplane microflora, which could explain delayed senescence. 26, 27 At the trial sites where senescence was monitored by visual observation or by NDVI (normalized difference vegetation index) measurements, benzovindiflupyr did not affect this trait. This further supports the conclusion that the trials were largely disease-free and that another mechanism seems to be responsible for the observed yield increase.
Indeed, the physiological experiments demonstrated that benzovindiflupyr was capable of reducing the transpiration rate in detached leaves as well as in whole plants. This effect was wileyonlinelibrary.com/journal/ps attributable neither to phytotoxicity nor to a reduced growth rate. In wheat, such a decrease of transpiration was also found after foliar application of the SDHI fluxapyroxad 11 and might be a common characteristic of SDHIs. However, in wheat plants treated with the SDHI bixafen, higher transpiration rates were observed during the time course of senescence, which were probably caused by a delay of senescence and significantly extended green leaf area duration. 9, 10 It has to be noted, as discussed above and also in Berdugo et al., 9 that a delay of senescence may be attributed to the control of saprophytic fungi on the plant surface and, therefore, the increased transpiration may have been caused by the disease control, as foliar pathogens can alter the plant water status by affecting transpiration. 28 It is well known that the functioning of mitochondria plays a role in photosynthesis and consequently transpiration, especially under stress conditions. 5 In particular, the malate:fumarate ratio, which is modulated by the activity of SDH, plays a role in regulating stomatal aperture. 4, 6 The direct interaction of SDHIs such as benzovindiflupyr with plant SDH is likely, as all studied SDH structures (from prokaryotes to eukaryotes) show a high degree of homology of the functional quinone-binding site, 7 which is the fungal target of all SDHIs. 29 Consequently, a modulation of transpiration by benzovindiflupyr through interaction with the plant's SDH could be one reason for the observed secondary effect.
In conclusion, a reduction of transpiration without a negative effect on photosynthetic efficiency and biomass accumulation, which can be explained by the nonlinear relationship between transpiration and photosynthesis, 30 seems to be the physiological effect of benzovindiflupyr in wheat. Consequently, soil water saving, after application and before the critical growth stages that determine grain number and grain weight, 14, 16, 18 seems to be an obvious crop physiological mode of action to improve wheat grain yield under dry conditions with benzovindiflupyr. As water limitation during anthesis, seed set and early seed filling phases is a yield-reducing factor in many wheat-growing areas, 31 the application of benzovindiflupyr could provide an additional benefit under a large range of farming situations. Detailed crop physiological studies under field conditions will be required to confirm the hypothesized mode of action and to better understand the environmental and genotypic dependence of the secondary effects of benzovindiflupyr.
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